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@ A variable frequency digital ring oscillator which 
can be formed in a small area for use in testing of 
chips employs a ring oscillator formed of CMOS 
inverters (6). transmission gates (3.5) and capacitors 
(4,7) and CMOS logic as a voltage controlled ring 
oscillator. A wide range of frequency of oscillation is 
achieved with small number of components. The ring 
oscillator circuit's oscillator frequency is controlled 
only by DC voltages (Vp.Vn) such as may be pro- 
vided by (but not limited to) a manufacturing chip 
tester. The output signal of the oscillator swings 
between Vdd and Vss and does not need additional 
level translation circuits to drive CMOS logic. The 
ring oscillator can be composed of an odd number 
of CMOS inverters connected in cascade to form a 



loop. We provide a CMOS transmission gate with 
PMOS and NMOS transistor device inserted be- 
tween each adjacent inverter and a MOB capacitor 
connected between the output of each transmission 
gate and the Vss supply of the ring oscillator circuit 
(conventionally ground). The gate voltages of the 
PMOS and NMOS transistors in the transmission 
gate are different and provide a different DC voltage 
between Vdd and Vss. Variation of the gate voltages 
of the transmission gates controls the frequency of 
oscillation of the circuit. The use of a plurality of 
cascaded delay elements between inverters 
achieves a wider range of oscillation frequency than 
possible with a single delay element. 
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Reld of the Invention 

This invention is related to a voltage controlled 
programmable digital oscillator and particularly to a 
voltage controlled programmable digital oscillator 
fabricated on a CMOS integrated circuit chip, suit- 
able for use as part of a larger system on such a 
chip such as on-chip clock generation, phase 
locked loop, or on chip test clock generation. 

Background of the Invention 

As background for our invention, United States 
Patent 4,617.529, issued October 14, 1986, to A. 
Suzuki shows a ring oscillator composed of CMOS 
inverters coupled in cascade with a RC delay ele- 
ment inserted between adjacent inverters. How- 
ever, this prior art uses a fixed delay element and 
has no other means of variability, making it un- 
usable as a voltage controlled oscillator. 

In addition, we would note that there are pat- 
ents of which we are aware which are listed below 
with a brief discussion of each of the patents. 

United States Patent 4.859,970. issued August 
22.1989 to Matsuo et al. and assigned to Kabushiki 
Kaisha Toshiba, shows a Voltage Controlled Os- 
cillator, one element of which is a voltage con- 
trolled delay element comprising CMOS transmis- 
sion gates connected between adjacent CMOS in- 
verters. The gates of each of the PMOS and 
NMOS transistors of each transmission gate is con- 
nected to a variable control voltage which is used 
to vary the delay. This circuit does not have a MOS 
capacitor on the output of the transmission gate 
structure but uses the parasitic capacitance of the 
devices and the inverter gates to form the capaci- 
tance of the RC delay element needed. This circuit 
is not an oscillator but requires a phase comparator 
and other elements of a phase locked loop to 
generate a stable oscillation. 

United States Patent 4.517.532. issued May 14. 
1985 to R.A.Neidorff and assigned to Motorola. Inc 
shows a ring oscillator composed of a plurality of 
inverting gates connected in a loop configuration 
which has a bypass mechanism which is used to 
alter the frequency of oscillation. This circuit may 
be varied in discrete steps only and has no voltage 
control nor continuous variability. It preferred em- 
bodiment is bipolar i2L and not CMOS. 

United States Patent 4,884.041, issued Novem- 
ber 28. 1989 to R.C.Walker and assigned to the 
Hewlett-Packard Company, shows a ring oscillator 
which may be integrated on chip comprising an N 
element ring oscillator merged with an M element 
ring oscillator by using a linear combining circuit. 
Variation of the control voltage allows variation of 
the oscillator frequency by varying the proportion 
of combination of the M and N stage oscillator 



outputs, not by varying the frequency of the in- 
dividual oscillators using a voltage controlled delay. 
The control voltage in the patent must take on only 
a small number of discrete values due to the inher- 

5 ent nature of the combining circuit. 

United States Patent 4,105,950, issued August 
8, 1978 to A.G.F.Dingwall and assigned to the RCA 
Corporation, shows a VCO comprised of nested 
oscillating loops one element of which is a CMOS 

10 inverter wherein a control voltage is coupled to 
cause the frequency of oscillation to change in 
response to changes in the control voltage. How- 
ever, the control voltage causes a variation in the 
source voltage of the PMOS transistor of the in- 

75 verter and a variation in the drain voltage of the 
NMOS transistor of the inverter, and is not a titans- 
mission gate. This causes the voltage swing of the 
output the be less than the full Vdd to Vss possible 
with a normal inverter and severely limits the fre- 

20 quency variation possible by varying the conti^ol 
voltage. 

United States Patent 4,458.165, issued July 3, 
1984 to R.M.Jackson and assigned to Tektronix, 
Inc. shows a delay element composed of cascaded 

25 inverters which can be programmed to different 
delays by bypassing inverter stages using standard 
digital multiplexor logic. There Is no continuous 
variability and all preferred embodiments require 
edge triggered flip-flops which are difficult to build 

30 and consume large circuit area in the CMOS tech- 
nology. 

United States Patent 4,388.537, issued June 
14,1983 to A.Kanuma and assigned to Tokyo 
Shibaura Denki Kabushiki Kaisha discloses a sub- 

35 strate bias generator which includes a voltage con- 
trolled oscillator whose oscillation frequency is con- 
trolled in accordance with a feedback voltage de- 
rived from the substrate bias voltage. This circuit is 
composed of NMOS inverters connected in a loop. 

40 Each inverter is connected to the following inverter 
in cascade through an NMOS transmission gate 
with a MOS capacitor inserted at the output of the 
transmission gate. It does not use CMOS Inverter 
or transmission gate circuits and thus consumes 

45 DC power. The voltage control of the oscillator 
frequency is an AC voltage derived from the os- 
cillator output and is not a DC control voltage. 

Japanese Patent Literature (J03192812) shows 
a ring oscillator composed of NMOS inverters in 

50 cascade connected in a loop with each inverter 
connected to the following inverter in cascade 
through an NMOS transmission gate. The gate of 
the NMOS transmission gate is connected to a DC 
control voltage which varies the DC resistance of 

55 the transmission gate to vary the frequency of 
oscillation. This circuit does not use CMOS nor a 
tixed capacitor thus increasing the power con- 
sumed and limiting the range of variation of fre- 



3 



3 



EP 0 651 505 A1 



4 



quency. 

United States Patent 4.547.749. issued October 
15, 1985 to C.C.K.Kuo and assigned to Motorola, 
Inc. shows a voltage and temperature compensated 
FET ring oscillator composed of 3 NMOS inverters 5 
connected in a loop with the output of each inverter 
connected to the input of the next inverter in cas- 
cade through an NMOS transmission gate. The 
output of the transmission gate is connected to an 
NMOS capacitor whose other side is connected to lo 
the reference voltage terminal. The gate terminals 
of the transmission gate devices are driven by a 
voltage derived from the supply voltage which var- 
ies with temperature. It therefore is a DC control 
vottage which varies the frequency of oscillation to 75 
compensate for circuit temperature variations. The 
circuit is connected between a voltage compen- 
sated node and ground and as such does not have 
a full voltage swing between Vdd and ground. This 
prevents its use for driving logic without special 20 
voltage translation circuits. It is also consumes DC 
power since it does not use CMOS gates. 

Prior art: Publications 

25 

B.A.Chappell, T.I.Chappell, S.E.Schuster. "Volt- 
age Controlled Oscillator" in IBM Technical Disclo- 
sure Bulletin Volume 33, No. 10A. March.1991 
pp.286-288 shows a ring oscillator composed of 3 
CMOS inverters connected in cascade with a 30 
CMOS transmission gate inserted between each 
inverter. The gates of each of the PMOS and 
NMOS transistors of each transmission gate is con- 
nected to a variable control voltage which is used 
to vary the resistance of the gate. However, this 35 
circuit (as in USP 4,859.970) does not have a MOS 
capacitor on the output of the transmission gate 
structure but uses the parasitic capacitance of the 
devices and the inverter gates to form the capaci- 
tance of the RC delay element needed. This se- 4q 
verely limits the range of variability of the oscilla- 
tion and increases the difficulty of achieving low 
frequency oscillations. 

Summary of the Invention 45 

The invention deals with the use of CMOS 
inverters, transmission gates and capacitors and 
CMOS logic as a voltage controlled ring oscillator. 

The improvements of the invention achieve a 50 
wide range of frequency of oscillation with a small 
number of components such that it may be placed 
on a small area of an integrated circuit chip. In 
accordance with our invention the ring oscillator 
circuit's oscillator frequency is controlled only by 55 
DC voltages, such as may be provided by (but not 
limited to ) a manufacturing chip tester. The output 
signal of the oscillator swings between Vdd and 



Vss and does not need additional level translation 
circuits to drive CMOS logic. 

In accordance with the invention a ring oscilla- 
tor composed of an odd number of CMOS inverters 
connected in cascade to form a loop is provided. 
Furthermore, a plurality of CMOS transmission 
gates with PMOS and NMOS transistor devices 
inserted between each adjacent inverter and a 
MOS capacitor connected between the output of 
each transmission gate and the Vss power supply 
of the ring oscillator circuit (conventionally ground) 
is provided. The gate voltages of the PMOS and 
NMOS transistors in the transmission gate are dif- 
ferent and provide a different DC voltage between 
Vss and Vdd. 

In accordance with the invention, variation of 
the gate voltages of the transmission gates controls 
the frequency of oscillation of the circuit. 

The use of a plurality of cascaded delay ele- 
ments between inverters achieves a wider range of 
oscillation frequency than possible with a single 
delay element. 

These and other improvements are set forth in 
the following detailed description. For a better un- 
derstanding of the invention with advantages and 
features, refer to the description and to the draw- 
ings. 

Brief Description of the Drawings 

FIG. 1 shows a basic ring oscillator circuit as 
a single basic ring oscillator using the 
invention which are cascaded to form 
the complete circuit of FIG. 2. 

FIG. 2 shows circuit in accordance with the 
invention schematically as a preferred 
alternative implementation of the in- 
vention, particulariy showing an ex- 
panded voltage controlled ring oscilla- 
tor of three cascaded sections, each 
composed of CMOS inverters, trans- 
mission gates and capacitors. Two of 
the sections may be bypassed by 
logic signals to extend the range of 
oscillation beyond that achieved by 
variation of the control voltages Vn 
and Vp. 

A detailed description explains the preferred 
embodiments of the invention, together with advan- 
tages and features, by way of example with refer- 
ence to the following drawings. 

Detailed Description of the Invention 

Before considering the preferred embodiments 
in detail, it may be worthwhile to illustrate, by way 
of example, an intended use of a voltage controlled 
oscillator on an integrated circuit chip. During test- 
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ing of said integrated circuit chips a source of 
clocking signals is required. These high frequency 
signals are difficult to supply to the chip from an 
external tester. Also, during testing the frequency 
of said clocking signals should be variable. 

A preferred solution to this problem Is a circuit 
which is an oscillator with a frequency range wide 
enough to satisfy the test requirennents and which 
can be fabricated on a very small area of the chip. 
Furthermore, the signals necessary to control the 
frequency of the clock should be of very low fre- 
quency themselves, preferably D.C. 

All the examples of prior related art discussed 
above either are not capable of being built on a 
CMOS integrated circuit, have too large an area, 
insufficient frequency range and/or require AC con- 
trol voltages. 

The Preferred Embodiment 

Turning now to the invention in greater detail, it 
will be seen from FIGURE 1 illustrates a preferred 
embodiment of the basic invention. 

A CMOS inverter 6 drives a cascaded delay 
element having a CMOS transmission gate 3 driv- 
ing a MOS capacitor 4 and a second CMOS trans- 
mission gate 5. The second or additional transmis- 
sion gate 5 drives a MOS capacitor 7 and the Input 
gates of CMOS inverter 6. This connection forms a 
loop containing a signal inversion which, as will be 
understood now by those skilled In the art, forms a 
circuit which will oscillate. This oscillation will be a 
full voltage range CMOS signal which may be fed 
from the output 8 of the ring oscillator circuit to 
other CMOS logic circuits. The frequency of os- 
cillation will be a function of the resistance of the 
path through the transmission gates 3,5 and the 
capacitance of the diffused MOS capacitors 4,7 
and the gain of the transistors in the inverter 6. The 
control voltages Vp and Vn put bias on the gates of 
transmission gates 3,5 thus varying tiie DC resis- 
tance path through the transmission gates. These 
voltages represent a bias value so they may be 
provided to the circuit as DC control voltages. 

Alternative Preferred Embodiments 

FIGURE 2 shows how the basic elements of 
FIGURE 1 may be used In accordance with the 
invention. The basic elements are combined with 
CMOS transmission gate logic to extend the range 
of the basic circuit. The same elements shown in 
FIGURE 1 and described above are replicated as a 
basic inverting delay circuit 11, 12, 13. The output 
of each basic circuit is not connected to form a 
loop. The output of circuit 11 goes to a transmis- 
sion gate 14. The input of circuit 11 is from the 
output of an inverter 15 fed by the output of a 



transmission gate 16. Similarly, circuit 12 is fed by 
an inverter 17 which is fed from the node compris- 
ing the outputs of transmission gates 18 and 14. 
The output of circuit 1 2 is connected to the input of 

5 a transmission gate 19. Circuit 13 is fed by an 
inverter 20 driven from the node comprising the 
outputs of transmissions gates 19 and 21. The 
output of circuit 13 is connected to the input of an 
inverter 22. The output of inverter 22 is connected 

10 to the inputs of transmission gates 16, 18. 21 thus 
forming a programmable loop connection depend- 
ing of the state of logical control signals -*-A,- 
A, + B,-B, + C and -C. These control signals can 
assume values of Vdd or ground. Let the state 

75 where +A is Vdd and -A is ground be referred to 
as A=1 and the state where +A is ground and -A 
is Vdd be referred to as A = 0. Similarly, for B and 
C. It can be seen that when A = 0,B = 1,C = 1 that 
the three circuits 11, 12, 13 are connected In 

20 cascade and form an inverting loop with inverter 
22. Similarly when A=1. B = 0 and C = 1 circuits 12 
and 13 are connected in cascade, circuit 11 is 
unconnected, and the two circuits connected in a 
loop with inverter 22 thru transmission gate 18. 

25 When A = 1 , B = 1 . and C = 0 circuit 1 3 Is connected 
in a loop with the output of inverter 22 connected 
to the input of inverter through transmission gate 
21. 

If the range of oscillation of the basic circuit of 
30 FIGURE 1 over the full range of Vp and Vn is from 
Flow to Fhigh. then the circuit of FIGURE 2 has a 
range of approximately Flow/3 to Fhigh. 

Alternatively, the logic of transmission gates 
16. 18, 21, 14, 19 may be replaced with alternative 
35 CMOS logic implementations as determined by the 
total frequency range required and the polarity and 
number of the logic control signals used. 

Claims 

40 

1. A variable frequency digital oscillator compris- 
ing: 

a digital ring oscillator circuit having two vol- 
tages Vss and Vdd; and 

45 an odd number of inverters (6) connected In 

cascade to form a loop; and 
at least one transmission gate (3, 5) coupled 
between each adjacent inverter; and 
a capacitor (4) connected between the output 

50 of each transmission gate and said Vss supply. 

2. The oscillator according to claim 1 wherein the 
inverters and the transmission gates are of 
CMOS type and the capacitor Is of MOS type. 

55 

3. The oscillator according to claim 1 or 2 
wherein the transmission gates are formed of 
PMOS and NMOS transistors and having gate 
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voltages (Vp, Vn) of the transmission gates 
PMOS and NMOS transistors which are dif- 
ferent and each different DC voltage is be- 
tween Vss and Vdd. 

5 

4. The oscillator according to claim 3 wherein 
each transmission gate and the IVIOS capacitor 
form a CMOS RC delay element having a 
delay proportional to the gate voltages on the 
transmission gate PMOS and NMOS transistor io 
gates, and wherein a variation of said DC gate 
voltages changes the frequency of oscillation 
of the ring oscillator circuit. 



of multiple inverters, and having transmission 
gates connected to bypass an even number of 
inverters of said ring oscillator circuits; and 
wherein the output of the last unby passed in- 
verter is connected to the input of the first of 
said odd number of CMOS inverters to form a 
ring loop, and the combined plurality of invert- 
ers widens the range of possible oscillation 
frequencies of the oscillator circuit. 

9. The oscillator according to claim 1 wherein 
said Vss power supply is ground. 



5. The oscillator according to claim 3 or 4 76 
wherein is provided an odd number of invert- 
ers coupled in cascade with the CMOS RC 
delay element having a delay proportional to 

the gate voltages on the transmission gate 
PMOS and NMOS transistor gates coupled be- 20 
tween two adjacent ones of said odd number 
of inverters, and having transmission gates 
connected to bypass an even number of in- 
verters of said ring oscillator circuit; and 
wherein the output of the last unbypassed in- 25 
verter is connected to the input of the first of 
said odd number of CMOS inverters to form a 
ring loop. 

6. The oscillator according to claim 4 wherein is 30 
provided an even multiple number of inverters 
coupled in cascade with the CMOS RC delay 
element having a delay proportional to the gate 
voltages on the transmission gate PMOS and 
NMOS transistor gates coupled between two 3S 
adjacent ones of said even number of multiple 
inverters, and having each circuit connected in 
cascade; and wherein said transmission gate 
PMOS and NMOS transistor gates are con- 
nected to bypass individual circuits, and the 40 
output of the last unbypassed inverter is con- 
nected to the input of an inverter, not one of 

said even multiple number of inverters, whose 
output is connected to the first of the plurality 
of circuits to fonm a loop. 45 



7. The oscillator according to claim 5 or 6 
wherein operation of said bypass transmission 
gates changes the frequency of oscillation of 
the circuit. so 



8. The oscillator according to claim 7 wherein is 
also provided an odd multiple number of in- 
verters coupled in cascade with the CMOS RC 
delay element having a delay proportional to 55 
the gate voltages on the transmission gate 
PMOS and NMOS transistor gates coupled be- 
tween two adjacent ones of said odd number 
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